The spin transport properties are investigated by means of the first principle approach for boron nitride nanoribbons with one or two substitutional Mn impurities, connected to graphene electrodes. The spin current polarization is evaluated using the nonequilibrium Green's function formalism for each structure and bias. The structure with one Mn impurity reveals a transfer characteristics suitable for a spin current switch. In the case of two Mn impurities, the system behaves as an efficient spin-filter device, independent on the ferromagnetic or antiferromagnetic configurations of the magnetic impurities. The experimental availability of the building blocks as well as the magnitudes of the obtained spin current polarizations indicates a strong potential of the analyzed structures for future spintronic devices.
Introduction
The ongoing research in developing devices with highly efficient spin injection and manipulation turned the attention towards the low-dimensional diluted magnetic semiconductors (DMS). One promising candidate for a twodimensional DMS, recently investigated in several studies [1, 2] , is represented by the Mn-doped boron nitride (BN) sheet. Hexagonal single-layer BN has been experimentally obtained using different techniques, such as micromechanical cleavage [3] [4] [5] [6] , layer-by-layer sputtering [7] , ultrasonication [8] , or by chemical [9] and thermal synthesis [10] .
As indicated in [2] , although bulk BN is a wide bandgap semiconductor, the Mn-doped BN sheets posses halfmetallic properties. This represents an important prerequisite for achieving good transport properties. Depending on the type of Mn substitution (i.e., on B or N atoms), different types of magnetic ordering are observed. However, the formation energies of the corresponding defects indicate that B-substitutions are more likely and the resulting ground state is ferromagnetic.
The BN sheet can be truncated in one direction to obtain a quasi-one-dimensional system called BN nanoribbon (BNNR). Depending on the direction of the truncation, there are two main types of BNNRs, namely, zigzag (zBNNR) and armchair (aBNNR). The BN sheet is an insulating isomorph of graphene-both hexagonal-with rather similar lattice constants, a fact which strongly supports integrating the two materials in an electronic device. Embedded atomic layers of BN in graphene were already successfully produced [11] . Hybrid BNC materials [11, 12] have also been investigated, revealing the importance of border states in the conduction properties as well as the spin-filter effects.
In this paper, the spin current switching and spinfiltering effects of Mn-doped BN nanoribbons connected to metallic graphene electrodes are pointed out. Several samples are analyzed, starting with the undoped BNNR and systems with one and two magnetic impurities in the ferro-(FM) and antiferromagnetic (AFM) states. In the case of considered magnetic systems, the spin-resolved current indicates a high degree of polarization, which suggests potential applications as spin injectors. Besides the spin current switching and 2 Journal of Nanomaterials spin-filtering applications discussed here, the structure is important from the spin field-effect transistor (spinFET) perspective since the half metallicity of the BNNR segment ensures the possibility of a gate control over the transfer characteristics.
Model and Computational Method
The analyzed structures are depicted in Figure 1 . The zigzag boron nitride nanoribbon (zBNNR) is connected to zigzag graphene nanoribbon (zGNR) electrodes. The zigzag structure was preferred to the armchair counterpart, since the zigzag graphene nanoribbon is always metallic, independent on its width. By contrast, armchair graphene nanoribbons (aGNRs) may present metallic or semiconducting behavior depending on the lateral size [13] . In this way, an efficient charge injection in the BNNR is ensured. The choice of graphene for the contact electrodes is also supported by the natural coupling between the two hexagonal lattices of zGNR and zBNNR. Both nanoribbons have hydrogen-passivated edges.
The current approach is based on first principle calculations using the density functional theory (DFT) as implemented in SIESTA [14] , which has the advantage of linear scaling of the computational time with the number of atoms involved. This is achieved by using finite-support (localized) basis sets. For the exchange-correlation functional, the parametrization proposed by Ceperley and Alder is employed within the local spin density approximation (LSDA). The structural relaxations for both graphene and BN nanoribbons provide the lattice constants a C = 1.42Å and a BN = 1.44Å, respectively, which are consistent with the established experimental values. The distance from the hydrogen atoms to edge atoms in the nanoribbon is d H = 1.1Å. For these calculations, a Monkhorst-Pack scheme with 1 × 1 × 10 mesh points in k-space was used to perform integrations over the Brillouin zone. The structural relaxations were performed in the supercell approach implemented in SIESTA, until the interatomic forces were less than 0.04 eVÅ −1 . The nanoribbons from adjacent supercells have enough separation for them not to interact. As depicted in Figure 1 , the semi-infinite zGNR electrodes are constructed from the repetitive unit containing 16 C atoms and 4 H atoms, which account for the passivation. Inbetween the electrodes the zBNNR segment has one repetitive unit. The analyzed magnetic structures assume one or two Mn substitutions on boron atoms. Using constrained spin polarized DFT, the magnetic moments of the Mn impurities are set and for the two impurity cases it is possible to analyze the spin-resolved current in both ferro-and antiferromagnetic configurations.
Once the structural configurations are set, the spinresolved current is calculated in the framework of nonequilibrium Green's function formalism using the additional package TranSIESTA [15] . The system is partitioned into the left/right (L/R) contacts and scattering region (SR). The Landauer formula gives the current calculated from the bias-dependent total transmission T(E; V ) for each spin component (up/down), which, in the low temperature limit, becomes
In the following, it is assumed that E F = 0 at zero bias, while at finite bias the two electrochemical potentials vary as µ L = +V/2 and µ R = −V/2. The transmission coefficient as a function of energy for each structure and each bias is obtained from
where G a/r are the advanced/retarded Green's functions and Γ L/R are self-energies corresponding to the two contacts. The efficiency of a spin-filter device is characterized by the polarization of the spin current, defined as
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Results and Discussion
The first step in establishing the spin-filter capabilities of the considered structures is to analyze the spatial spin densities at zero bias. Making use of constrained spin DFT calculations, a maximum magnetic moment is applied for each Mn impurity. In the sample with two Mn impurities both ferroand antiferromagnetic spin configurations are considered. Figure 2 shows the localization of the spin density around the magnetic impurities and the polarization of neighboring atoms which are otherwise nonmagnetic. In the one magnetic impurity case, one can observe a polarization of the same type for the atoms located near the upper edge (see Figure 2(a) ). The atoms at the lower edge, especially those in the conducting graphene electrodes are polarized oppositely, while the midsections including most of the zBNNR remain rather unpolarized. The picture changes when one additional impurity is added. In the two impurity case, it is clear that each Mn atom fixes the polarization of the atoms on the corresponding edge. From these two samples analyzed, one can already hint that the two impurities present in zBNNR should induce more pronounced spin-filter effects. In order to account for the spin-filter efficiency, defined by (3), one has to calculate the transmission function T(E) for considered samples at each bias point. In Figure 3 , T(E) is depicted for each spin component in the case of pristine zBNNR and for the other two magnetic samples already indicated. The transmissions are calculated for zero bias and for U = 1 V, which is the maximum bias considered. For the pristine zBNNR, one obtains as expected equal transmission coefficients for both spin components and consequently there is no net polarization of the spin current. The small maximum at the Fermi energy is reminiscent of the transmission in a perfect graphene nanoribbon at zero bias. The situation changes with the introduction of magnetic impurities, as one can see in the (b,c,d) subplots. The rather sharp variations in the transmission functions are due to the intrinsic scattering between the propagating modes in the graphene electrodes, coupled to the BN nanoribbon with Mn impurities.
Calculations of the transmission functions are performed for each bias point starting with 0 V up to 1 V in steps of 0.1 V. The polarization of the spin current extracted according to (3) is depicted in Figure 4 . As already pointed out in the beginning of this section, the sample with two magnetic impurities is expected to produce a larger spin current polarization. Indeed, for only one impurity at biases below 0.3 V a negligible fraction of polarized current is observed. This is consistent with the image provided in in Figure 2(a) , where a large section of the zBNNR remains unaffected by the presence of the Mn impurity. However, as the bias is increased above 0.3 V, the potential drop along the zBNNR favors the action of the Mn impurity and the spin polarization current is significantly enhanced. Such a behavior is very important from the perspective of a spin current switch as a spintronic device, since it provides two regimes defined by low (off-state) and high (on-state) polarizations. Note that in this case the charge current is not subject to such an off-on transition and this is reflected in the spin current only. The on-off transition observed in the spin current is analogous to the one found in a conventional field-effect transistor, where the switching behavior of the charge current is one of the most important performance parameters. By contrast, the sample with two magnetic impurities shows a polarization above 10% even at lowest bias considered for both spin configurations. Relatively high spin injection rates (above 50%) are obtained at rather small bias, which indicates a suitable behavior for a spin-filter device. Up to the bias U = 0.6 V for both ferromagnetic and antiferromagnetic configurations there is a similar behavior, which indicates the reliability of the spin-filter characteristics under the change (flip) of the magnetic moments present, which may occur in a realistic device subject to thermal fluctuations. For even larger biases (U > 0.6 V), the spin current polarization begins to drop for the FM configuration, while for AFM configuration the values for the polarization become as large as p ≈ 0.85 for U = 1 V. 
Conclusions
The spin transport properties were investigated in boron nitride nanoribbons with one or two substitutional Mn impurities, connected to graphene electrodes. The structure with one magnetic impurity suggests potential applications for a spin current switch: at lower biases, the spin current is negligible (off state), followed by clear onset in the spin polarization (on state). The sample containing two Mn atoms proves to be suitable for spin-filter applications. On one hand, up to intermediate biases, there is a reliable behavior of the spin current polarization, independent of the configurations of the magnetic moments (FM or AFM).
On the other hand, for the AFM configuration, at even larger biases the polarization is enhanced significantly. The building blocks (i.e., single layer BN, graphene, or mixtures) of the structures presented here are already experimentally produced. Such ultrathin devices based on low-dimensional diluted magnetic semiconductors may offer the possibility to extend their operation to room temperature, which makes them strong candidates for the future spintronic technology.
